In partally flooded deep water rice (Oryza satiwa L cv Hab4ganj Aman II), continuous air layers trapped between the hydrophobk, corrugated surface of the leaf blades and the surrfoung water constitute the major path of aeration. The conduction of gases through the internal air spaces of the leaf is negligible compared to the conduction of gases through the extemal air layers. The total volume of the air layers on both sides of a leaf blade is about 45% of the volume of the leaf blade itself. The size of the air layers around submerge leaf blades of cereals not adapted to conditions of partial floding, e.g. ofoats, barley, and wheat, is considerably smaller than that of rce. Gases move through the air layers not only by diffusion but also by mass flow. In darkness, air is drawn down from the atmosphere through the air layers along a pressure gradient created by solubilization of respiratory CO2 in the surrounding water. In lght, photosynthetic 01is explled throu the air layers to the atmospre because the solubility of 02 in water Is much lower than that of C02. Air leaves through the stomata and diffusing to the submerged organs via the internal air spaces loosely termed aerenchyma (1, 2, 4, 7, 9) . This view fails to explain the aeration mechanism in deep water rice. In rice, the aerenchyma occupies a significant volume of the roots, internodes, and leaf sheaths. However, aerenchyma is poorly developed in the lower half of the leaf blade and is completely absent in the upper half of the blade (10). Thus, the aerenchyma cannot provide the necessary air connection between the atmosphere and the underwater organs of deep water rice plants which can survive prolonged flooding with only their leaf tips above the water. This paper presents evidence for the existence of air layers between the corrugated, hydrophobic surface of a submerged rice leaf and the surrounding water. These air layers provide an aeration path which is vital for the partially flooded plant. The mechanism of gas movement through the air layers and the function of air layers in the gas exchange between plant and water are also described. Seeds of wheat (cv Ionia), barley (cv Lakeland), and oats (cv Korwood) were sown singly in one-quart plastic pots in potting soil ofthe same composition as described before (12). These plants were grown in an environmental chamber under the following conditions: day temperature, 24°C; night temperature, 210C, RH, 60%o; 16-h photoperiod with a light intensity of 350 ,E m 2 s-' at soil level. Plants were watered twice daily with half-strength Hoagland solution. All experiments were performed with 33-to 55-d-old plants. In the case of rice, this age corresponds to the time of internode elongation. Only fully expanded, healthy looking blades from the upper leaves, 9 to 12 mm in width, were used in our experiments. Leaf sections were excised from the midportions of the leaf blades with a sharp razor blade.
atmosphere through the air layers along a pressure gradient created by solubilization of respiratory CO2 in the surrounding water. In lght, photosynthetic 01is explled throu the air layers to the atmospre because the solubility of 02 in water Is much lower than that of C02. Air layers greatly increase the rate of photosynthetic carbon fixation by egig the surface of the gas-liquid interface available for CO2 uptake from the water. Air layers are vital for the survival of the partially submerged rice plant. When leaves are washed with a dilute solution of a surfactant (Triton X-100), no air layers are formed under water. Plants without air layers do not grow in response to submergence, and the submerged parts of the plant deteriorate as evident by rapid loss of chlorophyll and protein. Air layers provide a significant survival advantage even to completely submerged rice plants.
Floating or deep water rice is mainly grown in the floodplains of Southeast Asia where the water can rise up to 6 m during the rainy season (6) . Floating rice has great agronomic importance because it is the subsistence crop in many densely populated areas where no other crop can be grown. The distinguishing characteristic of this rice is its ability to elongate with rising waters. Growth rates of 20 to 25 cm/d have been recorded in response to submergence, with the total plant height reaching up to 7 m (15) . Survival of deep water rice depends on its ability to keep part of its foliage above the water surface. Completely submerged plants cease to elongate and eventually die (14) . Flooding imposes a severe stress on rice plants as 02 and CO2 supplies become limiting under water. The slow diffusion of gases in water (10,000 times slower than in air) greatly curtails the gas exchange between the plant and the surrounding water. This problem would be further aggravated if the gas exchange were limited primarily to the relatively small area of stomata on the rice leaf.
It is commonly believed that the aeration requirements of the submerged organs of rice and other plants tolerant to leaves through the stomata and diffusing to the submerged organs via the internal air spaces loosely termed aerenchyma (1, 2, 4, 7, 9) . This view fails to explain the aeration mechanism in deep water rice. In rice, the aerenchyma occupies a significant volume of the roots, internodes, and leaf sheaths. However, aerenchyma is poorly developed in the lower half of the leaf blade and is completely absent in the upper half of the blade (10) . Thus, the aerenchyma cannot provide the necessary air connection between the atmosphere and the underwater organs of deep water rice plants which can survive prolonged flooding with only their leaf tips above the water.
This paper presents evidence for the existence of air layers between the corrugated, hydrophobic surface of a submerged rice leaf and the surrounding water. These air layers provide an aeration path which is vital for the partially flooded plant. The mechanism of gas movement through the air layers and the function of air layers in the gas exchange between plant and water are also described. (12) .
MATERIALS AND METHODS
Seeds of wheat (cv Ionia), barley (cv Lakeland), and oats (cv Korwood) were sown singly in one-quart plastic pots in potting soil ofthe same composition as described before (12 Chemicals. Ethane was purchased from Matheson Gas Products (Joliet, IL), NaH'4C03 (7.9 mCi/mmol) was from New England Nuclear, and platinum black was from Fisher Scientific Co. All other chemicals were purchased from Sigma Chemical Co.
Triton X-100 Treatment. Formation of air layers on the submerged parts of leaves was prevented by wetting the leaves or leaf sections with a 0.05% (v/v) Triton X-100 solution, followed by a thorough rinse with distilled H20.
Ethane Diffusion Measurements. The experimental set-up for ethane diffusion measurements is shown in Figure 2 . The diffusion experiments were performed in light (100 ,uE m 2 s-') at 24°C.
The blade of an attached leaf was introduced into a U-shaped tube which contained water in the bottom. The tip and the lower part of the leaf protruded into the head spaces in the right and left arm of the U-tube, respectively, while 15 cm of the midportion of the blade became submerged in the water. Ethane was injected into the closed head space in the right arm of the tube to yield a final concentration of 4.5% (v/v). The atmospheric pressure in the right arm of the U-tube was maintained by periodic insertion of a hypodermic needle through the ethane injection port. Ethane was assayed in the sampling compartment of the left arm through which air was passed at a rate of 2 ml min-'. One-ml gas samples were withdrawn through the sampling port with a gas-tight syringe, and the ethane content was determined by GC using the conditions of Kende and Hanson (11) Chl contents were measured after 90 h ofexperimental treatments. Protein and Chi Determations. Leaf discs, 7 mm in diameter, were cut with a cork borer from the midportions ofthe leafblades.
In partially submerged plants, protein and Chl contents were determined only in the underwater midportions of those leaf blades which had tips above the water. The leaf discs from each treatment were randomized and floated, adaxial surface up, on water in a Petri dish. Seven randomly selected leaf discs were homogenized in a glass homogenizer with a motor-driven glass plunger in 3 ml of 150 mm Tris-HCl buffer, pH 7.9, containing 0.1% (v/v) Triton X-100. The (3) .
RESULTS
Conduction of Gases through Air Layers along Leaves. Conductance of air through the air layers on both sides of the leaf was demonstrated using the experimental set-up shown in Figure 1 . A detached leaf blade of rice, with the tip cut off, was introduced through water into an inverted cylinder which had a small head space of air. The slight reduction of pressure in the head space created by the weight of the water column caused a mass flow of air, 0.24 ml min-', along the leaf from the outside into the head space. When both sides of the leaf had been washed with a Triton X-100 solution, no detectable air flow occurred (Fig. 1) . Similar results (not shown) were obtained when a 15-mm wide ring of clear nail polish had been applied around the basal portion of the submerged leaf blade to disrupt the continuity of the air layers. These results indicate that the mass flow of gases through the internal air spaces of the submerged leaf or through the water is negligible compared to the mass flow through the external air layers. Treating either side of the leaf with Triton X-100 demonstrated that about 80%1o of the air flow was conducted through the air layer on the adaxial and 20%o through the air layer on the abaxial surface of the blade (Fig. 1) .
While the results shown in Figure 1 demonstrate the possibility of a mass flow of gases through the air layers along a pressure gradient, Figure 2 shows the diffusion of gases through the air layers along a concentration gradient. Ethane diffused from the right side of the U-tube through the air layers along the submerged part of the leaf to the sampling compartment on the left side of the tube. After 50 min, the ethane concentration in the air at the exit port of the sampling compartment reached a constant average level of 83 pl L'. Only traces of ethane appeared in the sampling compartment when the air layers were eliminated by treatment with Triton X-100 or interrupted by applying a 1-cm wide ring of paraffin oil around the leaf. Ethane has been chosen as gas for this experiment because its diffusion coefficient and solubility in water are close to those of 02 and because its concentration can be easily determined by gas chromatography.
The data from Figure 2 can be used to calculate the combined cross-sectional area A (cm2) of the air layers on both sides of a leaf blade provided that the lateral loss of ethane from the air layers is small. The steady state equation of one-dimensional diffusion according to Armstrong (1) is:
where J is the rate of diffusion of ethane through the air layers ( ( Table I) . However, the ratio of the volume of the air layers to the volume of the leaf in rice was five times larger than that in wheat, close to six times larger than that in barley, and 11 conducted atmospheric 02 to the lower portions of the submerged leaf blades (Fig. 3) . The (Fig. 4) . Even after 12 h of dark incubation, the untreated blades withdrew air from the head space at the rate of 0.2 ,ul min-'. Elimination of air layers with Triton X-100 greatly diminished the initial rate of volume reduction and brought it to zero within 3 h. Mass flow of gases from the head space into the air layers was also inhibited when the air in the head space was exchanged with N2 (Fig. 5) . The withdrawal of gas into the air layers totally ceased within 2 h after the introduction of N2, while it continued for the duration of the experiment in the air controls. When the air in the head space was exchanged with 02, the high rate of 02 uptake from the head space was maintained for the duration of the experiment (Fig. 5) . of untreated leaf blades, illumination led to immediate reversal in the direction of gas movement. Gases were expelled from the air layers into the head space at an average rate of 6.7 pl min-'. When the light was turned off, the direction of gas movement was immediately reversed again. Air from the head space was drawn back into the air layers, causing a continuous decrease in the head space volume. The similar rates of volume changes at the beginning of the first and second dark period indicated that light fully restored the high rate of gas withdrawal from the head space. During the second dark period, the high initial rate of mass flow decreased again with kinetics similar to those observed during the first dark period. Partially or completely submerged, illuminated leaf blades withour air layers slowly formed small bubbles of photosynthetic 02 along the leaf surface. The formation of these bubbles increased the volume inside the manometric set-up (Fig. 6) set-ups for at least 2 h. Thereafter, the leaf blades were introduced into the cylinders (time 0), the manometers were stoppered, and the head spaces of the manometric set-ups were flushed with N2 or 02 through the air exchange needles for 20 min at a flow rate of 30 ml min-'. After flushing, the air exchange needles were tightly stoppered again. The thermobarometers were prepared like the manometric set-ups, except that no leaf was inserted into them. In the case of the 02 atmosphere, the head space was flushed with 10 ml 02 after every fourth measurement of volume change. The experiment was performed at 30°C. Each point is the mean of measurements using five leaf blades and is adjusted for the fluctuation in the atmospheric pressure recorded by the thermobarometer. the surface area for C02 absorption from the surrounding water, thus increasing the amount of C02 available for photosynthesis. The results shown in Figure 7 demonstrate this gill function of air layers. Leaf sections submerged in a solution of NaHl4CO3 incorporated "4C into photosynthetic products at a rate that was 9-to 10-fold higher with air layers than without.
Physiological Significance of Air Layers. Elimination of air layers led to loss of Chl and protein in the underwater parts of partially submerged leaf blades (compare treatments I and 3, Fig.  8, A and B) and severely reduced the elongation response to flooding (compare treatments I and 3, Fig. 8, C and D) . Completely submerged plants also lost protein and Chi, and no elongation response to flooding was observed. The most severe manifestation of these symptoms was seen in completely submerged plants without air layers (compare treatments 2 and 4, Fig. 8, A-D) . Therefore, even under conditions of total submergence, air layers conferred some adaptive advantage to plants. Treatments S and 6 (Fig. 8, A-D) showed that Triton X-1I00 by itself did not cause loss of protein and Chl and did not inhibit growth. This experiment also confirmed that partial submergence stimulated growth and internode elongation of plants with intact air layers (compare treatments I and 5, Fig. 8, C and D) . 
DISCUSSION
Floating or deep water rice plants remain submerged for a significant period of the growing season with only part of their foliage above the water. Because of the poorly developed internal air spaces, the interior of the leaf blade does not provide an aeration path from the atmosphere to the aerenchyma of the submerged culms and roots. Our results demonstrate that rice leaves have a unique external system of gas exchange which insures continuous suppIy of°2 and C02 to the submerged parts of the plant. The corrugated surface of rice leaves is covered with hydrophobic waxes which prevent water from entering the longitudinal grooves on the leaf blade. These grooves are particularly pronounced on the adaxial surface of the leaves. The air trapped between the water-repellant surface of the leaf and the surrounding water gives a characteristic silvery appearance to the submerged part of the leaf blade. The existence of air layers on the surface of submerged leaf blades and the ability of these layers to conduct gases has been demonstrated in Figures I to 3 . Aeration of a partially submerged leaf blade of rice proceeds almost exclusively through these air layers which provide an uninterrupted, low resistance, and linear path for gas movement. In partially 02 from the air layers must eventually be taken up into the intemal gas-conducting lacunae ofthe leaf sheaths and internodes. The diffusion of gases from the air layers into the internal air spaces of the leaves occurs, presumably, through the stomata in the basal regions of the leaf blades. In that region of the leaf, the air lacunae become more prominent in size and number and have direct connections with the lacunae of the leaf sheaths. The uptake of gases is probably completed in the less cuticularized leaf sheath where the air layers become trapped between the concentric sheaths of the different leaves.
The volume of the air layers on both surfaces of the leaf was determined by applying Archimedes' principle and was found to be 44% of the volume of the leaf blade. About 20%o of the air was trapped along the abaxial side of the leaf and about 80%o along the adaxial leaf surface (Table I) on which most of the stomata are located (10) . The calculation of the size of air layers from the diffusion equation using the data from Figure 2 and the determination of mass flow of gases along each surface of the leaf (Fig. 1) confirmed the above numbers. Other cereals, e.g. oats, barley, and wheat, also form air layers around submerged leaves. However, the size of the air layers in rice is much larger than that in the other cereals not adapted to life under flooded conditions (Table I) .
The kinetics of 02 movement in the air layers (Fig. 3) do not conform to the diffusion equation according to which the time required for a gas to diffuse across a given distance is directly proportional to the square of that distance. The relative linearity of 02 movement through air layers (Fig. 3) the submerged parts of the leaf for at least 12 h, the approximate duration of the natural night (Fig. 4) . The rate of air uptake decreased monotonically with time but, even after 12 h, it remained as high as 0.2 ,ul min-' for the average leaf blade. We propose that the movement of gases into and out of the air layers is based on the different solubilities of 02 and CO2 in water (Fig.  9 ). At 30°C, the solubility of CO2 in water is about 28 times greater than that of 02. At the beginning of the night, the air layers are rich in photosynthetic 02, which has accumulated during the preceding photoperiod. The submerged parts of leaves use 02 from the air layers for respiration and produce CO2 which diffuses back into the air layers and rapidly dissolves in the water across the large gas-liquid interface. The consumption of 02 in darkness and solubilization of respiratory CO2 in the water leads to a decrease in pressure inside the air layers and results in mass flow of air from the atmosphere into the air layers (Fig. 9) As expected, a N2 atmosphere around the tips of partially submerged rice leaves stopped respiration and eliminated the uptake of gas as soon as all internal 02 had been consumed (Fig.  5) . On the other hand, an 02 atmosphere around the leaf tips maintained a high rate of mass flow because 02 was not depleted from the gas layer around the submerged leaf blade (Fig. 5) . The slight linear decrease in the rate of 02 uptake might have been caused by decreased respiration in the detached leaf blade and/or by partial saturation of the water around the leaf blade with CO2 which reduced the rate of further CO2 solubilization in water.
Light caused an immediate reversal in the direction of gas movement through the air layers. In light, gases began to flow out of air layers at a rate of 6.7 ,ul min- (Fig. 6 ). This can be explained by the fact that the water around the submerged rice leaf contains high levels of CO2 which has accumulated during the previous dark period. Light initiates photosynthesis which reduces the concentration of CO2 in the air layers around the submerged portion of rice leaves. CO2 dissolved in water then diffuses into the air layers to maintain the equilibrium concentration of CO2 across the gas-liquid interface. The CO2 absorbed from the water is fixed during photosynthesis and is replaced by photosynthetic 02 which, because of its low water solubility, accumulates in the air layers and increases the pressure in them. Inasmuch as the rate of photosynthetic 02 production exceeds the rate of its solubilization in water, 02 is expelled from the air layers into the atmosphere (Fig. 9) . The movement of 02 through the air layers continues throughout the light period and leads to enichment of the air layers with 02. At the start of the next dark period, the high initial rate of gas uptake into the air layers is restored, and the cycle of gas movement in and out of air layers can continue.
The fact that the volume of gases in the air layers increases in the light indicates that air layers help to absorb CO2 from the water surrounding the rice leaf. Figure 7 demonstrates that the air layers indeed enhance the rate of photosynthetic carbon fixation in submerged rice leaves by about 9-fold. Air layers increase the amount of CO2 available for photosynthesis by creating a much larger surface area for CO2 absorption from the water. In leaves where the air layers have been eliminated by treatment with Triton X-100, the surface area for CO2 absorption from the water is limited primarily to the combined area of the stomatal pores.
The present study shows that a continuous air connection between the atmosphere and the submerged plant organs via the air layers is vital for the survival of the partially submerged rice plant (Fig. 8) . The contribution of air layers to the gas exchange of the submerged parts of a rice plant is based on two functional components. First, the air layers serve as snorkels through which gases like 02 not only diffuse but are moved by mass flow to and from the submerged organs. Second, the air layers serve as gills which facilitate CO2 absorption from the water and thereby increase the rate of photosynthesis in submerged leaves. Even in totally submerged rice plants, the gill function of air layers provides a significant advantage to the plant and probably enhances its chances for survival during short periods of complete submergence.
